The model plant Arabidopsis thaliana exhibits extensive natural variation in resistance to parasites. Immunity is often conferred by resistance (R) genes that permit recognition of specific races of a disease. The number of such R genes and their distribution are poorly understood. In this study, we investigated the basis for resistance to the downy mildew agent Hyaloperonospora arabidopsidis ex parasitica (Hpa) in a global sample of A. thaliana. We implemented a combined genome-wide mapping of resistance using populations of recombinant inbred lines and a collection of wild A. thaliana accessions. We tested the interaction between 96 host genotypes collected worldwide and five strains of Hpa. Then, a fraction of the species-wide resistance was genetically dissected using six recently constructed populations of recombinant inbred lines. We found that resistance is usually governed by single dominant R genes that are concentrated in four genomic regions only. We show that association genetics of resistance to diseases such as downy mildew enables increased mapping resolution from quantitative trait loci interval to candidate gene level. Association patterns in quantitative trait loci intervals indicate that the pool of A. thaliana resistance sources against the tested Hpa isolates may be predominantly confined to six RPP (Resistance to Hpa) loci isolated in previous studies. Our results suggest that combining association and linkage mapping could accelerate resistance gene discovery in plants.
The model plant Arabidopsis thaliana exhibits extensive natural variation in resistance to parasites. Immunity is often conferred by resistance (R) genes that permit recognition of specific races of a disease. The number of such R genes and their distribution are poorly understood. In this study, we investigated the basis for resistance to the downy mildew agent Hyaloperonospora arabidopsidis ex parasitica (Hpa) in a global sample of A. thaliana. We implemented a combined genome-wide mapping of resistance using populations of recombinant inbred lines and a collection of wild A. thaliana accessions. We tested the interaction between 96 host genotypes collected worldwide and five strains of Hpa. Then, a fraction of the species-wide resistance was genetically dissected using six recently constructed populations of recombinant inbred lines. We found that resistance is usually governed by single dominant R genes that are concentrated in four genomic regions only. We show that association genetics of resistance to diseases such as downy mildew enables increased mapping resolution from quantitative trait loci interval to candidate gene level. Association patterns in quantitative trait loci intervals indicate that the pool of A. thaliana resistance sources against the tested Hpa isolates may be predominantly confined to six RPP (Resistance to Hpa) loci isolated in previous studies. Our results suggest that combining association and linkage mapping could accelerate resistance gene discovery in plants.
plant | quantitative trait loci | gene discovery O nly a minority of microbial species that interact with plants are parasitic. Host resistance to adapted parasites is frequently conferred by the presence of a functional allele of a resistance (R) locus (i.e., a locus contributing to host resistance that displays functional natural variation). In early genetic studies of immunity in major crop species and Arabidopsis thaliana (At), R loci specific for different parasites were often located on a limited number of genomic regions (1) . This provoked the concept of major recognition complexes (MRCs) (2) . Many R genes encode nucleotide-binding, leucine-rich repeat (NLR) proteins (3) . Molecular mapping of At genes encoding NLR proteins revealed that regions enriched in NLR gene clusters and superclusters indeed correspond to MRCs (4) . This circumstantial evidence and cloning of R genes helped establish that NLR genes are predominantly involved in parasite recognition in multiple organisms, including nonvascular plants, gymnosperms, monocots, and dicots (3) . There are 149 NLR-homologous genes in the At accession Col-0 genome, of which ∼95% are expressed (5) . Among them, 20 have been assigned a function. They include R genes mediating specific recognition of bacteria such as RPM1, RPS2, RPS4, RPS5, and RRS1 or oomycetes such as RAC1, WRR4, RPP1, RPP2, RPP5, RPP7, RPP8, and RPP13 (3, (6) (7) (8) (9) (10) (11) (12) . RLM1 and RLM3 encode broad fungal resistance against ascomycete parasites (13, 14) . Finally, HRT and RCY1 are alleles of RPP8 that confer virus resistance (15, 16) .
RPP1, RPP2, RPP5, RPP7, RPP8, and RPP13 activate defense that culminates in the hypersensitive response (HR) on perception of the downy mildew parasite, Hyaloperonospora arabidopsidis ex parasitica (Hpa). Hpa is a highly specialized natural parasite of At. All Hpa are virulent on some accessions, but At frequently shows resistance (11, 17, 18) . In A. thaliana, Hpa is the parasite species for which the most R loci and genes have been identified, consistent with an important role of Hpa in At evolution (19) . Downy mildew infection on At provides a valuable molecular genetic model of gene-for-gene interactions. It can help to answer crucial questions regarding plant-parasite coevolution, important for both theoretical and applied purposes, including strategies to mine resistance in the germplasm or deploy it in crops. Previous genetic studies have identified at least 27 resistance to HyaloPeronospora Parasitica (RPP) genes, numbered RPP1 to RPP26 (excluding RPP15), RPP28, and RPP31 (2, (6) (7) (8) (9) (10) (11) 20) . After cloning of RPP1, RPP2, RPP5, RPP7, RPP8, and RPP13, another 8 loci within the 26 mapped were found to be allelic to one of the cloned genes (6, 10, 11, 21) (Table S1 ). Of 26 genetically mapped sources of resistance, 14 were found to be different alleles of only 6 R genes. However, all these studies were conducted in a restricted number of host genotypes, mostly Col-0, Ler, Nd-0, and Ws-0. It is unclear what fraction of species-wide Hpa recognition is accounted for by the six RPP genes cloned. The study of natural accessions is essential to comprehend ecological and evolutionary aspects of a species' immunity (22) .
Traditional approaches to dissecting natural variation in immunity involve the analysis of segregation of resistance in mapping populations. These can include recombinant inbred lines (RILs) to easily acquire low-resolution map positions of loci controlling the trait or so-called quantitative trait loci (QTLs) and map-based cloning of the genes using large F2 mapping populations (23) . Nevertheless, carrying out F2 fine mapping to characterize the natural variation in any localized host population would be extremely laborious. Association or linkage disequilibrium (LD) mapping in Arabidopsis is emerging as a powerful alternative method to rapidly identify genome locations implicated in nearly every aspect of its biology (24) . The current genotype datasets permit the mapping of putative causal loci with single-gene resolution. Yet, for gene discovery, it is important to avoid the major pitfall of association studies represented by false positives. To this end, it has been proposed that linkage and association mapping could be used in parallel (24, 25) . Before embarking on candidate-gene validation, it is possible to validate association peaks by focusing on those that collocate with QTLs. In this work, we implemented this combined linkage and association mapping approach to dissect At resistance to Hpa at the population level. Tables S2  and S3 ). Thus, resistance was found to be a more probable outcome than susceptibility when challenging 1 of 96 At worldwide accessions with five isolates of Hpa originating from the United Kingdom. The resistance phenotype was not related to the geographic origin of accessions, although accessions from the United Kingdom were significantly more likely to be susceptible to Emco5 (P < 0.01) (Fig. S1 ). Ability to successfully infect a random host accession, or ratio of cases in the sample, was compared between different parasite isolates (Tables S2 and S3 ). Isolates were found to have a statistically distinct infection success rate [i.e., likelihood of causing full host susceptibility (P < 0.005) that ranged from 17% for Emco5 to 46.2% for Emoy2]. Thus, isolates of Hpa originating from the same location (e.g., Emco5 and Emoy2) can vary greatly in their virulence range on a subset of host accessions.
Results

Natural
Analysis of Segregation of Resistance to Hpa in RIL Mapping
Populations. We studied six At RIL populations derived from crosses involving 12 parents included in the collection of 96 accessions selected for phenotypes unrelated to plant-parasite interactions. Five isolates of Hpa were used: Emco5, Emwa1, Hiks1, Noco2, and Cala2 to phenotype 17 RIL × Hpa isolate interactions for segregation of resistance. Segregation was observed in 11 interactions of 17 (Table 1 ). This included all four R × S interactions, as expected, and transgressive segregation in five of nine R × R interactions, one S × S interaction of three, and the only I × I interaction. We found that in the 13 cases where both parents have a similar disease-resistance phenotype, nearly one-half (six observed) showed no transgressive segregation, meaning the R genes are allelic or in the same genomic regions. This observation that R loci are often shared between accessions suggested that a small number of chromosomal (chr) regions are responsible for most of the observed natural variation in Hpa resistance in our sample. The mapping of 19 resistance specificities (i.e., recognition of a given parasite isolate in a given host accession) coming from 9 different accessions was consistent with this prediction (Table 1 , Fig. 1 , and Fig. S2 Top) . Overall, the R loci that we mapped divided into two categories: 14 conferred single dominant resistance, whereas the remaining 5 conferred resistance with complex genetic basis (additive and epistatic). All 14 single dominant R loci (Table 1 , blue, and Fig.  1 ) mapped to regions known as MRCs that contain cloned RPP genes ( Fig. 1, red) . The five complex R loci seemed to mostly locate in regions independent of MRCs ( Table 1 , green, and Fig. 1 ). As expected, our findings show that genome distribution of resistance sources is uneven and highly dependent on the type of resistance that they confer. Full resistance conferred by a single gene is the most common strategy of At seedlings for restricting Hpa infection, whereas resistance with complex genetic basis (additive and epistatic) plays a minor role in pre- Shahdara, msat4.15 (IV-H) 13 The recognized Hpa isolate is reported at the left followed by the RIL population in which the QTL is segregated and the parental phenotypes are coded R (resistant), S (susceptible), or I (intermediate). Light and dark gray shades code for R × R and R × S or S × R crosses, respectively. Inbred ratio reports the observed segregation of the F8 RILs as number of R and S individuals. The predicted number of causal loci, expected R:S ratio, χ 2 , and P values of the observed segregation are reported together with the number of statistically significant QTLs (P < 0.05) for transgressively segregating RILs (NS indicates nonsegregating RILs). Estimated theoretical proportions were calculated using the segregation distortion observed in F9 at QTLs when known. The last two columns indicate the source and genome location of the QTLs, including single dominant R loci (blue) and additive, epistatic, and recessive R loci (green). The marker most linked to the QTL is indicated followed by the chromosome and the QTL interval or MRC when relevant. The reference number in superscript corresponds to the QTL mapping interval as depicted in Fig. 1. venting Hpa. Therefore, in our sample of accessions, resistance at the seedling stage to the tested Hpa isolates is predominantly mediated by four MRC regions.
Genome-Wide Association Mapping of Resistance to Downy Mildew in
a Collection of At Accessions Reveals Signal at Known RPP Loci. We conducted genome-wide association mapping (GWAM) of resistance in the collection of 96 accessions using the phenotypic data described in Tables S2 and S3 , the 250K high-resolution SNP dataset, and random forest analysis method (Fig. S2) (http:// arabidopsis.usc.edu/DisplayResults under the tab Defense). Then, focus was put on the QTL interval overlapping with MRCs where there is extensive linkage evidence of resistance. For example, GWAM of Hiks1 resistance is presented in Fig. 2 . RPP7 is known to confer Hiks1 resistance in accession Ler and therefore, was used as a positive control (i.e., a gene required for Hpa resistance and known to exhibit natural variation). Accordingly, we found significant association to an SNP within RPP7 (At1g58602) (26) . Although not within the top associations on chromosome I, when looking into the QTL interval overlapping with MRC-B (3.74 Mbp between nga128 and f5i1449495), the locus appeared as the fifth most associated genome region (Fig. 2B) . Several top SNPs both on their respective chromosome and QTL interval located close to defense-related genes with a role in resistance to Hpa. These included enhanced disease susceptibility 1 (EDS1) (27) on chromosome III and enhanced disease resistance 2 (EDR2) (28) on chromosome IV (Fig. 2 F and H, respectively) . Strikingly, on chromosome V, an SNP ∼2 kbp from RPP8 (At5g43470) came as the third highest association (Fig. 2I) . Other noteworthy associations were observed in experiments with other Hpa isolates. The SNP most associated to resistance to Noco2 over the 3.74 Mbp of the QTL interval overlapping with MRC-B on chromosome I locates within the coding region of RPP7 (Fig. 3B) . This evidence suggests that RPP7 is playing an important role in Noco2 resistance. SNPs within and surrounding RPP13 on chromosome III showed very high association with Emco5 resistance and a clear peak pattern centered around RPP13 (Fig. 3 C and D) . Such high association for SNPs close to RPP genes was also observed in a GWAM experiment using the 2010 low-resolution genotype dataset (29) . On chromosome IV, Noco2 resistance was most associated with a marker 9 kbp from RPP5 ColA (At4g16860), which is known to confer resistance to Noco2 in accession Ler-0 (Fig. 3G) . Finally, we found significant, yet relatively weak association in the RPP1 gene family or in RPP2a or RPP2b genes (involved in Cala2 recognition but not in recognition of the isolates tested here). Overall, this suggests that SNPs in RPP genes or neighboring regions, our positive controls in this study, usually stand out from other SNPs in terms of strength of association. They often correspond to the highest peaks within the QTL intervals, despite not being the highest chromosome-wide SNPs. A statistical test for enrichment in a priori candidate genes based on their putative role in plant immunity showed a clear enrichment in all GWAM experiments except Noco2 (Fig. S3) , with enrichment being highest for the strongest associations. Overall, this shows that the GWAM retrieved primarily defense-related genes and that there is overrepresentation of SNPs close to positive-control genes among the top associated SNPs.
Parallel GWAM Experiments Find Consistent Signal Predominantly in
RPP Genes. We surveyed in parallel associations with resistance to up to five isolates of Hpa. It is well-established that an RPP gene usually recognizes multiple Hpa isolates in an accessiondependent manner. Therefore, we partly expected to see association in the same genes in different experiments. In a preliminary 2010 low-resolution GWAM experiment, we observed that, in the QTL interval overlapping with MRC-F and more remarkably, on the whole of chromosome III, RPP13 was the only locus where SNPs showed significant association with resistance to all three strains tested, including Emco5 (Table S4 ). The 2010 low-resolution GWAM experiment also identified SNPs near RPP8 in very strong association with resistance to Emwa1/Emco5 (Table S4 ). In the 250K high-resolution GWAM experiment, we found that SNPs with importance > 0.004 (among the top 2% SNPs genome-wide; Materials and Methods) within or close to RPP13 and RPP5 ColA were associated with resistance to Emco5/Emoy2 and Emco5/Noco2, respectively (SI RF and F candidates.xlsx). In addition to RPP13 and RPP5 ColA , we found association with EDS1 and accelerated cell death 6 (ACD6) (30) . This was not the case for RPP7 and RPP8 that only showed nearby signal in one experiment of five with the 250K high-resolution genotype data. Therefore, there was substantial consistency between and within the results from the 2010 lowresolution and 250K high-resolution experiments (Fig. 3 D and F and Table S4 ). Significant overlap was observed within the 250K high-resolution experiment using Random Forest and Fisher's exact test (http://arabidopsis.usc.edu/DisplayResults under the tab Defense). Altogether, we have performed different GWAM experiments with varying genotype datasets and multiple parasite strains, and we found that mainly, RPP genes and secondly, defense-related candidates tend to consistently harbor elevated association with resistance relative to the background.
Associations in RPP Genes Indicate Population-Wide Significance of Known Recognition Specificities and Putative Recognition Specificities.
We were able to observe very strong associations at the RPP13 and RPP7 loci with resistance to Emco5 and Hiks1, respectively, which is consistent with the known recognition specificities of RPP13 Nd and RPP7 Ler (Figs. 2B and 3D, respectively) . We found very strong associations with SNPs near RPP5 ColA in the Noco2 low-and high-resolution mapping experiments (Fig. 3G) . This suggests that a moderate to large part of Emco5, Noco2, and Hiks1 resistance in our sample of accessions is conferred by RPP13, RPP5 ColA , and RPP7, respectively. We were not able to find strong associations for known recognition specificities, such as RPP1/Noco2, RPP4/ Emwa1, or RPP8/Emco5. Overall, highly associated SNPs were detected in three of six R locus/Hpa isolate combinations where a strong association was anticipated. Putative recognition specificities were also uncovered including RPP8/Hiks1 (Fig. 2 I and J) and RPP7/Noco2 (Fig. 3 A and B) . The distribution of alleles within the collection of accessions for these two examples and EDS1/Hiks1 is shown in Fig. S4 . Accessions carrying RPP13 haplotypes associated with resistance and susceptibility to Emco5 are shown in Fig. S5 . Tables S2 and S3 , with the corresponding reference number.
Identification of Candidate RPP Loci. We used patterns of association found at positive controls and a priori candidates to select a threshold from which to determine new candidate RPP genes. The search focused on genomic regions corresponding to QTL intervals on four chromosomes for a total of ∼19.2 Mbp. We retained loci that showed consistent high signal (importance > 0.004) in at least two independent experiments (i.e., resistance with two or more isolates and SNPs less than 5 kbp apart). As mentioned previously, these criteria enabled the detection of the positive controls RPP13 and RPP5 ColA and the defense-related genes EDS1 and ACD6 control genes. Using these criteria, we were able to select 56 candidate loci (Table S5 ). Enrichment for NLR encoding genes and defense-related genes accounting for 17 of 41 loci was observed (Table S5) , consistent with genomewide single-isolate resistance GWAM enrichment results (Fig.  S3) . These 17 loci included 9 genes with NLR signature, 3 defensin-like genes, an RbohD interactor (putatively involved in oxidative-stress response), and an avirulence-responsive gene (Table S5 ). The candidate genes occurred within ∼5.1 kbp average distance from the SNPs. The remaining 34 loci correspond to nonannotated genes or genes with a function not clearly related to parasite resistance. A large fraction of these SNPs with no obvious defense gene in their vicinity occurred near the borders of the QTL intervals, where resistance is not predicted to locate based on linkage evidence from the QTL analyses.
Discussion
Our study describes the implementation of single-gene resolution genome-wide association mapping of resistance to an obligate parasite in plants. The At-Hpa interaction was used as a model to develop GWAM genetics of resistance because of the straightforward phenotyping of large sets of accessions and prior knowledge of genes that control the interaction necessary to define selection criteria. As a proof of concept, we were able to identify four of six known RPP genes and two signaling genes that are known to show natural variation (EDS1 and ACD6) (31, 32) . Several of these genes appeared as the top candidates in their respective QTL interval where the QTL is most likely to reside. In a gene-discovery pipeline, this means that we would have investigated these genes first. Results were consistent across experiments with different Hpa isolates and different genotype datasets of variable resolution.
Our results shed light on the species-wide basis of seedling resistance. Resistance is the most probable outcome of the interaction between At and the tested Hpa isolates. Single dominant resistance seems the most common mode of resistance, whereas additive resistance and epistatic resistance/susceptibility factors play a minor role. In addition to 28 previously identified loci reported in the literature, we have mapped 19 R loci from 9 accessions. In total, this comes to at least 47 RPP loci with assigned map location, including 38 distributed in 4 MRCs. To get an indication of how often the genetic basis for resistance or susceptibility is shared between accessions, we analyzed segregation in 13 RILs × Hpa isolate interactions. Nearly one-half showed no transgressive segregation, either because of tight linkage of different resistant sources or allelism (recognition of the same isolate by the same R locus). There is currently no straightforward way of verifying which condition prevails in all of the populations of interest. The frequent absence of segregation observed as well as the mapping of at least 38 loci to 4 MRCs prove that ∼80% of the R genes against the tested Hpa isolates locate in a very restricted portion of the genome. The GWAM results are consistent with this concentration of R loci, and they enable discrimination between allelism and tight linkage. Because of the nature of association studies, there needs to be sufficient occurrences of correlation of a phenotype with an allele (the RPP gene must play a significant enough role in the population in conferring resistance to the tested isolate) to implicate a locus. This suggests that the specificities known at RPP13 and RPP5 ColA are likely to be spread among a large subset of the 96 accessions. The fact that other RPP genes such as RPP7 and RPP8 were top candidates suggests that they also play a significant role in this sample of accessions. This leads us to propose that the pool of A. thaliana resistance sources against the tested Hpa isolates consists predominantly of the six RPP loci revealed in previous studies and may also include some of the candidates identified in this work. For example, our data suggest that natural variation at EDS1 and ACD6 might also cause altered disease-resistance phenotypes.
There are several possible explanations for why no clear association was detected when a strong association was anticipated (three of six R locus/Hpa isolate combinations and two of six RPP loci with all five Hpa isolates). It could be that the specificity reported for an RPP gene does not represent a large part of what causes resistance to the tested isolate in the collection. This is in conjunction with shown epistasis at RPP genes; an allele at any of several loci can confer resistance to an Hpa isolate in an accession-dependent manner. Considering the small size of our collection, in these cases, the statistics may not be capable of detecting the faint signal. Increasing the sample size could solve this problem. In addition, accumulating evidence suggests that Hpa isolates are capable of suppressing the recognition of avirulence effectors on hosts that have functional R genes and subsequently, causing disease (33) . Such hosts may have introduced a bias in the calculation of the association by behaving like susceptible plants while having similar haplotypes to resistant plants at some loci. It is possible that clearer associations and a reduction in false positives could have been observed by scoring the recognition of a given avirulence protein rather than resistance to an isolate. This was shown to work using bacterial avirulence effectors including AvrRpm1 and AvrRpt2 (24) .
Several major peaks were observed in regions that do not harbor NLR genes in Col-0 reference genome. These could be false positives caused by population structure, they could correspond to R genes that are absent from Col-0 but present in other accessions, or they could be non-NLR genes with an important role in resistance, similar to EDS1.
We propose a general approach for R gene discovery from GWAM studies in plants that limits the major problem caused by false positives. The preliminary stage is the mapping of resistance to multiple parasite isolates using several segregating RIL or F2 populations. This serves to identify regions in the genome that are most likely to carry the causal genes. Then, GWAM of resistance to multiple parasite isolates is performed and analyzed using three criteria. First, SNPs in high association compared with background noise are selected. Second, the selected SNPs are examined with particular focus on those that are within regions where QTLs are predicted. Third, candidate SNPs from independent experiments are identified using different parasite isolates that colocate in the same regions. Ideally, loci fulfilling all three criteria may be genes that are likely to be involved in resistance, such as the nine NLRs that we identified. However, a locus fulfilling any two of these criteria would be worth looking at closely. To summarize, GWAM provides an insightful approach when used in concert with linkage analysis of resistance to increase mapping resolution from QTL down to candidate gene level and to reduce background. thus, we think that it has the potential to substantially accelerate gene-discovery pipelines.
Materials and Methods
A. thaliana Genotypes and Growth and H. arabidopsidis Materials and Infections. Procedures described in SI Text.
Genetic Mapping Methods. Linkage mapping of QTLs was performed using MAPQTL5 (34) following the multiple QTL mapping method after automatic cofactors selection. A permutation test was performed to calculate the 5% limit for statistical significance genome-wide. Binary scorings of RILs resistance phenotype were encoded in scores 95 and 5 for resistance and susceptibility, respectively. In association mapping experiments, binary phenotypes were used, excluding intermediate scores. The GWAM on the 2010 low-resolution genotype dataset scanned 1,214 fragments of 583 bp on average (35) and ∼800-bp fragments of 27 R genes (36) . We scanned the genome using unified mixed model K*+Q on haplotypes (37) modified for binary inputs and selected SNPs with P < 0.05. For GWAM using the 250K high-resolution genotype dataset (216043-216121 SNPs after filtering), random forest (RF) tests (38) were performed using the random forest package in the R statistical program (R core development team, version 2.6.1). Essentially, this approach is a machinelearning based method of identifying which of the many SNPs in a genome best explain the phenotypes of interest. It assembles classification and regression trees for bootstrapped subsets of the SNPs in the data, resulting in a forest of 20,000 decision trees (38) . Each tree had 464 random SNPs. The entire genome was evaluated for each phenotype with one RF. Then, the effect of an SNP on a phenotype was determined by evaluating each split of a node made on that SNP in the RF. The decision trees are designed such that the gini impurity criterion for subsequent nodes must be less than the parent node. The importance of an SNP to a phenotype is determined by evaluating the mean gini decreases for each individual SNP over all trees in the RF that included it; this yields higher scores for more important SNPs. In addition, Fisher's exact tests were conducted as per Atwell et al. (24) . Fisher's exact test is expected to have false positives because of population structure, whereas RF may give false negatives. The overlap of RF and Fisher's exact results should, therefore, be more reliable. Finally, an in silico search was done in the Col-0 genome for candidate genes surrounding the selected associated loci.
ACKNOWLEDGMENTS. This work was supported by the Gatsby Charitable Foundation (J.D.G.J.) and National Science Foundation Grant DEB-0519961 (to M.N.). Fig. 3 . GWAM of downy mildew resistance in a collection of 96 A. thaliana accessions. GWAM of resistance was conducted on the 250K high-resolution and 2010 low-resolution genotype datasets, and it was calculated using random forest and unified mixed model K*+Q methods, respectively. Chromosomes are numbered I to IV. Left corresponds to the whole chromosome. Right shows a zoom in on the QTL interval (flanking markers are on y axis). (A) GWAM of Noco2 resistance using the 250K high-resolution dataset identified an SNP in RPP7 (At1g58602) coding region as the sixth most associated locus on chromosome I and (B) the most associated on the QTL interval overlapping with MRC-B between nga128 and f5i449495. (C) SNPs surrounding the positive control gene RPP13 appear as the third highest associations with Emco5 resistance on chromosome III and (D) present a very clear peak pattern centered on RPP13. (E, F) A similar observation was made when mapping Emoy2 resistance, although the peak pattern was not as clear. (G) GWAM of Noco2 resistance on chromosome IV using the 2010 low-resolution dataset identified the most associated SNP 9 kbp upstream of the RPP5 ColA gene (RPP4 and At4g16860). Within the QTL interval overlapping with MRC-H, all four of the highest peaks of association reside 9 kbp north of RPP5 ColA .
